A structure-based tunneling mechanism developed to predict the ionization of molecules subjected to intense, ultrafast irradiation is tested on the series of C 2 hydrocarbons: acetylene, ethylene, and ethane. Relative ionization probabilities ͑1, 4.1, and 8.7 for ethane, acetylene, and ethylene, respectively͒ are measured upon excitation with 780 nm, 125 fs pulses of 6ϫ10 13 W cm Ϫ2 and compared to predictions of the model ͑1, 4.1, and 7.9 for ethane, acetylene, and ethylene, respectively͒. Ionization probabilities determined via the ADK ͑Ammosov, Delone, and Krainov͒ model for atomic ionization ͑1, 2.7, and 13.1 for ethane, acetylene, and ethylene, respectively͒ are shown to be near those of the structure-based model. © 1999 American Institute of Physics.
Studies of the ionization of diatomic and triatomic molecules with intense lasers have shown excellent agreement with the predictions of tunneling models developed for atoms. 1, 2 The high ionization potentials and limited electron delocalization of these small molecules result in electrostatic potential energy surfaces which are well approximated by the zero-range potentials used to model atoms in these tunneling models. 3 However, recent studies have shown significant discrepancies between experiment and theory even for very small molecules like O 2 . 4 For larger molecules, in which the electrostatic potential energy surfaces are not well approximated by the zero-range potential, a structure-based model 5, 6 has been shown to accurately predict relative ionization probabilities. The structure-based model attempts to incorporate the delocalized electronic structure of molecules. This model is therefore particularly well suited to predicting relative ionization probabilities for molecules exhibiting extensive electron delocalization, such as: benzene, naphthalene, anthracene, and 1,3,5-hexatriene. The three molecules studied in this communication, acetylene, ethylene, and ethane, exhibit all of the sigma-and pi-type bond structures present in hydrocarbons. They therefore provide an interesting test for the applicability of the structure-based model to a broad range of hydrocarbon molecules. These molecules also provide a test of the applicability of the structure-based model to small molecules in which the extent of electron delocalization is limited.
In this report, relative ionization probabilities measured near threshold intensity for single ionization were compared to predictions of both the structure-based model 5 and the ADK model 2 to determine the mechanism of ionization. The Keldysh adiabaticity parameter 7 predicts the ionization mechanism of atoms subjected to intense field sources. The neutral atom is modeled as a single electron within a zerorange potential with potential energy and average kinetic energy equivalent to the binding energy of the system. Superimposing the external field source upon the zero-range potential results in a triangular barrier through which the electron can tunnel ionize. The tunnel frequency is determined by the width of the barrier and the average kinetic energy of the electron. The frequency of the ionizing field is then compared to the tunnel frequency: if the ratio is less than one, the system will field ionize; if the ratio is greater than one, the system will ionize via multiphoton processes. Multiphoton ionization involves the coherent absorption of a sufficient number of photons to promote the electron to the continuum. Field ionization includes both barrier suppression and tunnel ionization. Barrier suppression ionization occurs when the Coulomb-like potential ͑as opposed to the zerorange potential of the Keldysh formalism͒ is suppressed by a sufficiently high external field so that the electron is no longer bound to the core. At field strengths lower than those producing barrier suppression, the dominant field ionization mechanism is tunnel ionization.
The experimental apparatus included a 10 Hz, 780 nm Ti:sapphire femtosecond laser system capable of producing 1 mJ pulses with a pulse width of 125 fs full width at half maximum ͑FWHM͒ coupled to a linear time-of-flight mass spectrometer. Both systems have been described previously. 8 The time-of-flight mass spectra for acetylene, ethylene, and ethane obtained at an intensity of 6.0ϫ10 13 W cm Ϫ2 are shown in Fig. 1 . The parent ion is the major peak in each of the spectra.
The acetylene spectrum shows the molecular ion C 2 H 2 ϩ at 26 m/e with minor peaks for C 2 H ϩ at 25 m/e, and 13 CCH 2 ϩ . The parent ion represents 94% of the total ion signal below 30 m/w. A peak ͑not shown͒ at 58 m/e is due to the presence of acetone in the acetylene sample. The ethylene spectrum contains the molecular ion C 2 H 4 ϩ at 28 m/e which represents 92% of the total ion signal with minor peaks corresponding to C 2 H 3 ϩ at 27 m/e and C 2 H 2 ϩ at 26 m/e.
There is also a peak at 29 m/e attributable to the isotopomer 13 ethane spectrum shows considerably more fragmentation than either acetylene or ethylene. The dominant fragment peak results from the loss of two hydrogen atoms from ethane, but peaks corresponding to 15 m/e through 31 m/e are apparent in the spectrum. The parent ion C 2 H 6 ϩ accounts for 36% of the total ion signal while the loss of hydrogen C 2 H 4 ϩ represents 38% of the total ion yield. Other fragments containing two carbon atoms are two, three, or five hydrogen atoms represent an additional 18% of the signal. The spectrum also shows a peak at 15 m/e, which could correspond to either CH 3 ϩ or C 2 H 6 2ϩ representing 5% of the total ion signal. This peak is attributed to the fragment CH 2 ϩ since there is no evidence of other multiply charged fragments in the spectrum. Also, there is no observable splitting or broadening in the CH 3 ϩ peak, suggesting that there are no Coulomb explosion mechanisms occurring.
For calibration purposes, benzene time-of-flight spectra were acquired before and after obtaining time-of-flight spectra for the C2 species. The time-of-flight spectra were integrated to obtain relative ionization yields of 1, 4.1, and 8.7 for ethane, acetylene, and ethylene, respectively ͑normalized to ethane͒. Benzene was experimentally measured to have a relative ion yield of 55 under these experimental conditions, with no significant increase in fragmentation of benzene as compared with earlier experiments at lower intensities. 8 Nonresonant excitation at an intensity of 6ϫ10 13 W/cm Ϫ2 might be expected to lead to significant fragmentation of molecules. However, limited fragmentation is observed for all of the molecules, especially acetylene and ethylene. A comparison of the mass spectra with electron impact ionization spectra, with electron energies ranging from 50 to 70 eV, demonstrates a more limited fragmentation yield for all of the molecules in the case of intense field ionization.
The structure-based model has been shown to accurately predict the relative ionization yields measured for larger aromatic hydrocarbons produced via intense laser ionization. The lack of electron delocalization in the molecules in this study poses an interesting test of the structure-based model. The tunneling rates for these molecules were calculated via the structure-based one-dimensional model. 5, 6, 9 Instead of using a zero-range or Coulomb potential to describe the system, the model uses a rectangular well with width derived from ab initio calculations of the electrostatic potential of the molecular cation in the ground state geometry of the neutral molecule. The one-dimensional potential having the greatest distance between classical turning points at the ionization potential determines the optimal one-dimensional surface for the tunneling calculation. The distance between the classical turning points may be called the molecule's characteristic length. The characteristic length of all three molecules is found on the line between the two most distant hydrogens as illustrated in Fig. 2 . It is also worth noting that all three of the optimal one-dimensional potentials are through the molecular center of mass allowing for simple assignment of the origin for the calculation. lar wells with depth equal to the vertical ionization potential ͑IP͒ of the molecule to describe the electrostatic potential. A static electric field is then superimposed on this rectangular well to determine the barrier through which the electron must tunnel. The tunneling rates are calculated using the WentzelKramers-Brillouin ͑WKB͒ method. 10 The use of the rectangular wells yields a closed form solution to the WKB rate, thus simplifying the calculation. The ionization probability is e ϪW , with W defined as
where IP is the vertical ionization potential for the system, E 0 is the strength of the static field, and a is the characteristic length, all in atomic units. For the peak intensities of 6.0 ϫ10 13 W cm Ϫ2 used in these studied, the relative ionization probabilities normalized to ethane are 1, 4.1, and 7.9 for ethane, acetylene, and ethylene, respectively. These probabilities are nearly identical to the experimentally observed relative ionization yields. A calculation based upon the Ammosov, Delone, and Krainov ͑ADK͒ zero-range model 1 yields relative ionization probabilities of 1, 2.7, and 13.1 for ethane, acetylene, and ethylene, respectively. These results demonstrate that both the structure-based and zero-range models accurately predict the relative ionization yields for these molecules. For these small systems the effect of molecular structure is expected to be limited, and a convergence of the two models is expected. However, the increased accuracy of the structure-based model demonstrates the importance of the effects of molecular structure on the ionization of polyatomic molecules in intense fields. Since both the structure-based and ADK models are one-dimensional, there are limitations on what either of the models can realistically predict.
The structure-based model predicts the onset of barrier suppression ionization for benzene at field strengths lower than those utilized in these experiments, so that direct comparisons based on the tunneling calculation cannot be made. Although benzene signal has begun to saturate in this region, double ionization and fragmentation effects have not yet become significant, so that rough comparisons of ionization probability are possible. Given these caveats, the ratio of relative ionization probabilities for benzene and the three C 2 species ͑between one and two orders of magnitude͒ are quite reasonable. The ADK model predicts an ionization probability of 143 for benzene, normalized to ethane.
The nature of the ionization mechanisms for these molecules at this intensity and wavelength has not been studied, hence these measurements may provide some insight into the coupling mechanism. The Keldysh adiabaticity parameter 7 has been used to predict the dominant ionization mechanism in an experiment by comparing the laser frequency to the tunnel frequency. The Keldysh adiabaticity parameters, based on the zero-range model, are 1.38, 1.33, and 1.41 for acetylene, ethylene, and ethane, respectively. These values indicate that the ionization mechanism is still in the multiphoton regime for all three molecules when the systems are modeled by zero-range potentials. The relative ionization rates indicate, however, that the molecular structure influences the ionization process, presumably through a field ionization mechanism. A structure-based adiabaticity parameter 3 has been proposed to account for the effect of molecular structure on the prediction of the ionization mechanism. This adiabaticity parameter uses the same formalism as the Keldysh parameter, except that binding potential of the electron is determined by the ab initio electrostatic potential instead of the zero-range potential. The resulting values can be interpreted in the same way as those of the Keldysh parameter. In addition, the onset of barrier suppression ionization is predicted when the value of the adiabaticity parameter is zero. The structure-based adiabaticity parameters for acetylene, ethylene, and ethane are 0, 0, and 0.32, respectively. This places all three molecules well within the field ionization regime at an intensity of 6.0 ϫ10 13 W cm
Ϫ2
. Field-mediated processes, either tunneling or barrier suppression, are therefore important in the ionization mechanisms of the C 2 molecules in this study. The structure-based adiabaticity parameters and other calculated and experimental values are summarized in Table I. The structure-based tunneling model very accurately predicts the relative ionization rates of these small molecules. The calculation is relatively simple, requiring only the vertical ionization potential and the characteristic length of the molecule derived from ab initio calculations. The results of this study indicate that the structure-based tunneling model can be extended to a variety of hydrocarbon species of varying size and bonding character. These results also further emphasize the importance of molecular structure considerations in the interaction of molecules with intense laser sources. 
